The aim of this paper is to present a numerical method to predict the work performance of hydraulic seals used in downhole equipments. The impact of key factors, namely, compression rate and the number of seals, on the wearing behavior of seal components is studied. To simulate the wear process of sealing contact surface, a methodology is built with the iterative wear prediction procedure in which the geometry of the contact interface progressively changes according to the wear model. In this method, the structural and the thermal coupled mechanism is investigated and the performance of seal structure containing different number of seals is discussed. By taking a gear pump used in the downhole robots as a case study, both numerical analysis with proposed method and practical experiment are presented. The simulation results of the worn volume of the seals are consistent with the experiment data. This work provides an effective computerized approach to aid seal components design and manufacturing for downhole equipments.
Introduction
Nowadays more and more people care about the exploitation of the natural resources, such as oil [1] . With the fast increase of population and the appearance of more factories, oil is getting less and less year after year. Deep well exploitation has been a concern in the oil industry. For example, in China, 70 percent of oil resources are distributed in the belts which are five kilometers under the ground. The downhole equipments will encounter harsh work conditions in such an environment, such as high pressure (with an extent of 70∼80 MPa) and high temperature (always above 100 ∘ C). Therefore, a more rigorous requirement is proposed for the steady working of the downhole equipments.
The seal components may have a rather profound effect on the downhole equipments [2, 3] . It helps to prevent surrounding drilling fluid (often called the "mud") from flowing into the inner structure of equipments. This high temperature, high pressure, and abrasive liquid will lead to eventual seal degradation. So it is important to predict the service life of a seal to replace a new one in time. The method adopted previously is through experience which is used to determine when the seals are not able to meet the engineering requirements. The common method is to set up a test rig which is able to provide the test running conditions. The working process of the seal is simulated and the related environment parameters, such as temperature and pressure, can be monitored during the test. However, as the environment underground is extremely harsh, it is a time and money consuming project to set up a test rig which is able to simulate the downhole environment.
Other than the experiential ways to predict the life of seal components, the numerical prediction method is also available. As the computer technology develops, to predict the service life of seal components through a numerical way is possible. Kim et al. [4] analyzed the sealing performances of O-ring through Finite Element (FE) method and the influence of friction coefficient for the deformation of Oring was also considered. Lin et al. [5] analyzed the sealing structure of the reactor pressure vessel through FE method. The thermal effect and the plastic deformation were included. However, this investigation focused on the static sealing. Lingerkar and Khonsari [6] obtained the laws on how the sliding speed and the pressure affect the sealing performances 2 Advances in Mechanical Engineering through analyzing the flow field in the gap between Oring and rod with FE method. Azhikannickal and Wild [7] analyzed the stress distribution of elastomeric foam seal through FE method and modified the structure of the area with stress concentration.Ötingün et al. [8] also utilized the FE method to analyze the sealing performances of O-ring under mixed lubricated conditions.
FE method was applied in the researches mentioned above. Many other studies adopted numerical methods. Yuan et al. [9] set up the flow model of the spiral groove face seals with the Reynolds equation. Besides, the thermal effect was also analyzed. Zhou et al. [10] proposed an elastohydrodynamic model to describe the sealing performances of lip seal. Full film lubrication was assumed during the analysis. The Reynolds equation and the deformation equation of the seal were concurrently solved. The laws of relevant parameters such as the pressure distribution in the film and the thickness of the film are obtained. Thomas et al. [11] presented a thermoelastohydrodynamic model to analyze the sealing performances of rotating seals. Nikas [12] described the extrusion behavior of rectangle-section seal numerically. He also analyzed the sealing behaviors of rectangle-section seal with elastohydrodynamic model [13] .
The wear behaviors of the seals are not considered in the researches mentioned above. Even though some researches involve the mixed lubrication, they are based on the assumption of low friction coefficient. The seals used in the downhole equipments do not accord with this assumption. High pressure and high temperature make the seals contact tightly with the executive components. So the wear effect of the executive components for the seals cannot be neglected. However, there are few studies concerning the wear of seals through simulation ways. Hambli et al. [14] proposed an FE method to predict the lifetime of the blanking tool considering the wear effect. The similar work was also fulfilled by Hambli et al. [15] . It is easy to realize this simulation method for the "hard" material because the influence of the wear on the change of the mechanical behaviors is apparent but does not work for the "soft" material such as rubber. Bagci and Ozcelik [16] also studied the influence of the wear on the twist drill through FE method. The thermal effect was considered. Mamalis et al. [17] studied the process of material removal during grinding with the FE method in which the thermal factor was included.
Few studies have been presented on the wear simulation of the seals. Nandor et al. [18, 19] proposed an FE method for wear simulation of reciprocating seal. Archard's wear model was included to model the variation of the seal's profile and subsequently the mesh reconstruction technology was applied on the modified field of the seal. The next simulation cycle began. But sharp corners may emerge on the worn profile of the seal and this will bring some troubles for remeshing operation with FE method. So a new FE method for wear simulation of the seals is presented in this paper which is able to overcome this disadvantage.
When designing the sealing components of the downhole equipments, two ways are often adopted to enhance the reliability of seal system, which is increasing the compression rate of the seals and adopting multiple seals. The authors take the rotating sealing system in the downhole equipments as an example in this paper in order to investigate how the compression rate and the seal number affect the wear behavior of O-ring.
In order to model the wear process of the seal, an FE method for wear simulation of the seal component is presented in this paper. This method overcomes the problem of sharp corners on the profile. Besides, due to the fact that the shaft rotates with a high speed, the effect of friction heat is considered during the wear simulation. A thermal-structural coupled algorithm is presented for the simulation process. The worn volumes of O-rings under different compression rates and with different number of seals are given through both numerical analysis and experiment. The comparisons imply that the results from both methods coincide well. The simulation method presented in this paper can be used to predict the life of O-ring in the downhole equipments.
Description of Seal Problem
In the downhole equipments, the specified motions for drilling or measurement are accomplished by the executive components and these components are controlled by the hydraulic systems in the equipment. The function of the seals is to prevent the flow of fluid on both sides in order to make sure that there are enough pressure differences to make the executive components run accurately. Once the leakage is extensive, the executive components will not reach their positions correctly. Even worse, some protruding components may not be able to return to their original positions which will lead to the scrap of the well. This brings a huge economic loss.
A typical rotating sealing system is displayed in Figure 1(a) . The system is composed of the shaft, the chamber, and the O-ring. The slot holding the O-ring is machined in the chamber in this paper. So the O-ring is installed in the slot and keeps still with the chamber while the shaft rotates with a high speed. The compression rate Δ is decided by the height of the slot ℎ and the initial sectional diameter of Oring . Thus, the compression rate of O-ring can be given as Δ = ( −ℎ)/ ×100%. In order to increase the sealing pressure, one way is to increases the compression rate and another is to increase the number of O-rings. Generally, the depth of the oil well is less than 10 kilometers and three O-rings in one slot are enough to accomplish the sealing mission. Therefore, the upper limit of the number of O-rings is defined as three. The sealing systems with two and three O-rings in one slot are shown in Figures 1(b) and 1(c).
Wear Simulation with FE Method
3.1. Sliding Wear. Many factors decide the wear behaviors of mechanical components, for example, the geometry of the contact surfaces, normal loads, relative sliding speeds, hardness of the contact materials, and the friction characteristics. The wear process can be seen as a function of these factors as given in = (geometry, normal load, sliding speed, . . .) , (1) where is the worn volume. The most widely used wear model is the linear wear model which was proposed by Rabinowicz et al. in the 1900s [20, 21] . This model was based on the experimental data and the results demonstrated that the worn volume is proportional to the normal load and sliding distance while inversely proportional to hardness of the softer material. The linear wear model is given in the following:
where is the dimensionless wear coefficient, is the hardness of the softer material, represents the normal load, and is the sliding distance.
In order to apply the wear model into the simulation, both sides of (2) are divided by the time increment and the equation can be modified as
where / is the volume worn rate, = / is the wear coefficient, and V is the sliding speed.
If both sides of (3) are divided by the contact area , a new form will be given as
where ℎ is worn height increment and is the normal contact pressure. In order to model the wear of nodes in FE simulation, the discrete form of (4) is applied:
where ℎ is the nodal worn height increment and is the nodal normal pressure.
Structural FE Model.
According to the geometric model of the sealing system shown in Figure 1 , structural 2D finite element models are built as displayed in Figure 2 . The relationship between the compression rate of O-ring and sealing pressure, as well as the relationship between the number of Orings and the sealing pressure, can be analyzed through these models. According to the symmetrical characteristic, half of the geometrical model is built in the FE model for saving the computing time. Since rubber is a kind of hyperelastic material, a hyperelastic element is adopted when building the finite element models of O-ring.
In reality, deformation always occurs when the seal is installed in the slot. But the deformation cannot be precalculated in FE model. So O-ring is modeled as an uncompressed state at the beginning of the simulation. The pre-compression effect can be simulated through setting contact pairs between the shaft and O-ring. The influence from the fluid is also considered. The fluid pressure is set as one of the boundary conditions. Left side of O-ring is assumed to undertake the fluid pressure. As the right side of O-ring will be compressed on the surface of the chamber, the fluid pressure is ignored on the right side.
Therefore, two steps are operated to model the deformation of O-ring. The first is to compress the seal along the radial direction to model the precompression when installed (A in Figure 2 (a)) and the second is to compress the seal along the axial direction to model the compression effect caused by the fluid (B in Figure 2 (b)). Besides, the fluid temperature is set as the initial condition. Before the simulation starts, the temperature distribution in O-ring is assumed to be steady. So the whole domain of O-ring is set with the fluid temperature.
Asymmetrical meshing strategy is adopted when meshing the domain of O-ring. As mentioned above, there is relative motion between the O-ring and the shaft. So the wear of Oring mainly occurs on the area where O-ring contacts with the shaft. In order to simulate the wear behavior of the seal precisely and reduce the computing time, the area where the seal contacts with the shaft is densely meshed and the other area of the seal is sparsely meshed. 
Transient Thermal Analysis.
The influence of friction heat on the wear of the seal cannot be neglected when the shafts rotate with a high speed. The circumferential shear stress at node on the seal's surface can be given as
where is the friction coefficient and is the normal nodal pressure.
In high speed rotating sealing system, the friction heat will affect the wear behavior of the seal and the loss of the material will affect the distribution of the contact pressure. The friction heat will be influenced in return. Coupled effect of the thermal and structural stress is required to analyze the wear behavior of the seal. It is a complicated coupled problem.
Recently, some researchers have adopted the method that the thermal effect and structural effect are independently analyzed for this subject [22] [23] [24] . The heat flux density at node on the surface of the seal can be expressed as
where is the percentage of transition from mechanical work to friction heat and V is the relative circumferential speed. According to [25] , the friction heat can be thought to be completely transformed, it means = 1.0.
Since the nodal temperature in the seal dynamically changes with time, it belongs to transient analysis problem. The nodal temperature can be solved by the following equation: 
where represents the contribution to the thermal conduction matrix from elements, represents the contribution to the thermal conduction matrix from boundary conditions, represents the contribution to the specific heat matrix from elements, and and are the thermal loads from elements. Figure 3 shows the thermal analysis model of O-ring with finite element method. A single O-ring is analyzed in Figure 3 (a). Firstly, deformation of O-ring is obtained from the results of the structural analysis. It is more close to reality to set thermal boundary conditions on the deformed finite element model. It is assumed that the seal has reached a thermal equilibrium state before simulation and the fluid temperature fluid is set as the initial condition of the nodes. The value of fluid keeps independent of time. The heat flux density of the friction heat in the sealing area varies with time. The heat flux density at each node on the contact area can be written as follows:
where contact is the coordinate vector of the nodes contacting with the shaft.
The thermal FE models with two and three O-rings are, respectively, displayed in Figures 3(b) and 3(c) . The difference between the FE model with two or three seals and the FE model with a single seal is that the boundary of the seal, except the area where the seal contacts with the shaft, is set with the boundary condition of the fluid temperature Advances in Mechanical Engineering in the single seal model. However, since the temperature of the seal varies with time in this study, the contact boundary where the adjacent seals contact with each other is set with the temperature of the opposite seal in the two or three seals model which is marked with a red ellipse in Figures 3(b) and 3(c).
Though the thermal conduction coefficient of the steel is several orders of magnitude bigger than that of the rubber, the thermal expansion coefficient of the rubber is several orders of magnitude greater than that of the steel. Thus, the effect of thermal deformation of the seal cannot be ignored. It should be noted that though the thermal conduction coefficient and thermal expansion coefficient of both materials vary with the temperature, the variation stays in a small extent because the friction heat is not enough to change the environmental temperature greatly. Thus, both of the two parameters are thought to be independent of the temperature. Since most parts of the friction heat dissipate through the shaft for its high thermal conduction coefficient, only a little is absorbed by the seal. The heat flux density accepted by the seal in the sealing area is approximately rubber / steel times the total value. So the boundary condition in the sealing region seal can be calculated as
In addition, the initial condition is given as
The change of temperature will lead to linear expansion of the seal. The shear strain on the contact area can be ignored. The strain caused by thermal deformation can be taken as initial strain set on the finite element model. For 2D model the initial strain can be given as
where is the thermal expansion coefficient, 0 is the initial temperature, and is the transient temperature. The equation which is used to solve the coupled stress is given as
In (14), [ ] is the elemental stiffness matrix, [ ] is the nodal displacement matrix, and [ ] and [ 0 ] are structural stress matrix and equivalent structural stress matrix. The stress distribution in the seals caused by thermal effect is shown in Figure 4 when the simulation process has been operated for one minute.
Remeshing Strategy.
Mesh reconstruction is a key technique to realize wear process simulation with finite element method. Though global remeshing strategy proposed by Nandor et al. [18] can be used to simulate the wear process of the seal, the whole domain needs to be remeshed. Once the worn profile owns some sharp corners which are generated due to the movement of the profile points, the remeshing work will be more complicated. Killing elements strategy is more suitable for finite element analysis software. If the contact pressures in the elements exceed the predefined threshold, these elements will be "killed. " However, the wear depth is limited by the size of the contact elements. Only the wear process whose wear depth is larger than the size of the contact elements can be simulated. To overcome this restriction, in the current work, not only the contact elements are remeshed but also the elements adjacent to them can be remeshed by the wear processor, if required.
Mesh distribution of O-ring after being compressed is shown in Figure 5 . The elements near the sealing area are quadrangles. Since the wear only occurs in the elements near the sealing area, the proposed remeshing method is applied to the elements in this region. The presented remeshing strategy is demonstrated in Figure 6 . One of the contact elements and its neighboring elements are chosen as an example. Node N1 is moved based on the wear increment in (5). The wear depth of N1 is equal to ℎ 1 . 1-2 is defined as initial vertical distance between N1 and N2. The current vertical distance 1-2 becomes
where pre 1-2 is defined as the critical vertical distance between N1 and N2. Once 1-2 is no more than pre 1-2 , the relative position of N1 and N2 is fixed with the vertical distance pre 1-2 and the wear processor moves node N2 to N3. By moving N2, the current vertical distance of N2 and N3 2-3 becomes
In this equation, 2-3 is the initial vertical distance between N2 and N3. ℎ 2 is the vertical displacement of N2. Similar to node N1, pre 2-3 is defined as the critical vertical distance between N2 and N3. Once 2-3 is no more than pre 2-3 , the relative position of N2 and N3 is fixed with the vertical distance pre 2-3 and the wear processor moves node N3 to N4. Here, ℎ 2 is the difference of ℎ 1 and pre 1-2 that can be given as ℎ 2 = ℎ 1 − pre 1-2 . So the current vertical distance 2-3 can be expressed as
Repeat this process and the wear depth can be expanded to any number of layers of elements in the proximity of the contact region. More generally, the vertical distance between node Ni and Ni + 1 can be written with a similar way:
With this method, the wear depth of the simulation process is no longer limited by the size of the contact elements. Besides, a safe aspect ratio can be ensured for these contact elements through this way. The value of total wear depth can be bigger than the size of the contact elements. The effect of wear simulation of the seal is shown in Figure 7 .
Thermal-Structure Coupled Simulation Algorithm.
In general, wear phenomenon is a continuous process. However, in order to simulate the process with an FE method, the continuous material removal in time needs to be approximated at a discrete set of time. Iterative mechanism is widely used in the subject of wear analysis and simulation. In our approach, the geometry of O-ring is updated in the end of each cycle to reflect the evolution of wear behaviors. Entirely coupled thermal-structure simulation analysis is operated in every cycle. The flowchart of the simulation process is shown in Figure 8 . One cycle of the simulation contains four main modules, namely, initial contact analysis, thermal analysis, comprehensive contact analysis, and wear simulation.
A precompressed FE model is built in the first module. O-ring is compressed on the surface of the shaft in the first step to simulate the radial compression. The axial load is set on the left surface of O-ring in the second step to model the pressure distribution of the fluid.
According to the contact pressure distribution determined in the first module, a transient thermal FE analysis is run in the second module. The flux density of friction heat at each contact node is calculated as one of the boundary conditions of the FE model. The temperature of the fluid is assumed as the initial condition. The initial temperature distribution in the following cycles can be obtained from the result of the previous thermal simulation.
In the third module, another FE contact model which takes into account the effect of thermal expansion is operated. The nodal wear depths can be calculated in the last module of the cycle. Once the wear depth at each node is known, the worn profile of the seal can be reconstructed. The modified geometry model will be the input of the next simulation cycle.
Determination of Cycle Time.
The selection of suitable time for simulation cycle is a key problem in iterative simulation analysis of wear. As the sealing system with a single seal is the fundamental element of the system with two or three seals, the determination of the cycle time is operated in the sealing system with a single seal. The cycle of the simulation process presented above is solved for different time increments. The nodal pressure distribution for five stochastically selected contact nodes (namely from node-1 to node-5) is plotted for different time increments in Figure 9 . In order to save the computing cost, the process of selecting suitable cycle time is accomplished in the first 30 s. It can be seen that as the cycle time is increased the pressure distribution starts varying considerably. This behavior of FE model affects the overall solution. Though a model solved with a smaller cycle time gives more accurate results, it comes at the expense of computational time. Therefore, the cycle time is to be selected accordingly. In this case, the cycle time 6 s was used.
Case Study

Introduction of the Gear Pump.
In order to verify the numerical analysis method presented in this paper, a gear pump in the downhole robots is chosen as the experimental subject. The structure of the gear pump is shown in Figure 10 . The power for motions of the robots is supplied by the power source assembly which is composed of oil block, hydraulic valves and the gear pump, as shown in Figure 10 (a). Dynamo (which is not displayed in the figure) rotates the driving gear shaft in the gear pump and then the driven gear shaft is also rotated. The space between the two gears is divided into sucking space and compressing space. The two spaces are, respectively, connected with the oil way outside the pump to construct a complete loop which supplies power for the executive components.
Sectional drawing of the pump is shown in Figure 10 (b). To make sure that there is enough pressure to drive the executive components to their right positions, it is necessary to prevent the fluid in the pump from leaking. The Orings marked with blueness are used as static seals. They still keep corresponding to the pump body and there is no relative motion in the sealing area. The O-rings marked with redness are used as dynamic seals. They are installed in the seat and their inner sides contact with the rotating shafts. Once the shafts rotate, there are relative motions where the seals contact with the shafts. The wear of the seals mainly happens in these areas. Because this paper concerns the wear simulation of the seals in the downhole equipments, the static seals are not considered in the following content.
Worn Volume of the Seal.
The wear volume can be calculated through the following way. For the seal which is assembled without eccentricity, the wear on each section is absolutely the same if the influence of gravity is neglected. We can suppose that if O-ring is cut off along the section, the shape of the worn volume can be seen as a column. So the worn volume can be calculated through the volume of column.
The geometry model for the calculation of the worn volume is illustrated in Figure 11 , where is the inner radius of O-ring. The height of the column can be approximately replaced by the circumference of the inner circle. Since the worn section is irregular, an approach based on the FE nodes is proposed to calculate the area of the worn region approximately. Only the change of the positions of the contacting nodes, which are distributed on the profile of the seal in the sealing region, is considered during the calculation. If the worn height of node is marked as ℎ , make a rectangle with the length of ℎ and the width of , and the value of can be obtained through its neighboring nodes − 1 and + 1. can be given as follows:
where ℎ ( −1)−1 and ℎ −( +1) represent the horizontal distances between node − 1 and and between node and + 1, respectively.
So the worn volume of O-ring can be expressed as
where represents the number of the contacting nodes on the profile of O-ring.
Numerical Results.
The material and geometry parameters which will be used in the simulation process are given in Table 1 fluororubber. The angular speed of the shaft is set to be 3000 r/ min.
In order to study the influence of the compression rate on the wear behavior of the seal, three compression rates are selected in this work: 20%, 25%, and 30%. Under each compression rate, the sealing systems with a single seal, a couple of seals, and three seals are, respectively simulated and tested to obtain the worn volume of the seals. The variations of the compression rate and the number of the seals are fulfilled through changing different sizes of sealing seats. The results are displayed in Figure 12 .
The worn volume of the seal in the sealing system with a single seal is shown in Figure 12(a) . It implies that the wearing speed in the initial period is fast. In about two hours, the tendency of the worn volume varies linearly. According to the wearing law, we can affirm that the seal has entered the running-in period. What is more, as the compression rate is increased, the worn extent of the seal is also increased. And the worn speed in the running-in period is faster.
The result of the worn volume in the sealing system with a couple of seals is displayed in Figure 12(b) . In order to obtain the wearing behavior of each seal, the result of each seal is given individually. For convenience, the left seal in Figure 2 (b) is simply marked as "Left" while the other one is simply marked as "Right". The tendency of the worn volume of each seal is similar as the result shown in Figure 12 (a).
Power source assembly
Gear pump Beyond that, we can find that the worn extent of the righthand seal is bigger. The result of the worn volume in the sealing system with three seals is displayed in Figure 12 (c). The seals in Figure 2 (c) are simply marked as "left, " "middle, " and "right" from the left side to the right side. It can be seen from the result that the worn extent of the "right" seal is the biggest when the three seals are installed in series, while the worn extent of the "middle" seal is the smallest.
Experiment Results.
The test rig is shown in Figure 13 . The rig is composed of four modules.
(i) Heating module: this part is in charge of heating the oil which will be infused into the testing module.
The oil is heated to the required temperature in the heating container by four heaters. Then, the heated oil is transferred to the pressure module.
(ii) Pressure module: the oil enters into the pressure container and is pressured by the pressure cylinder laid beside the pressure container. The oil is pressured linearly to the value which the test requires.
(iii) Test module: the downhole robot is mounted in a cylinder where the heated and pressured oil representing the harsh environment is also accommodated. The robot accomplishes the specified orders sent by the control module, including the continuous working of the gear pump. (iv) Control module: this module is comprised of electric closet and control cabinet. Its function is to send orders to the robot and other modules to fulfill specified mission. In the meantime, it accepts the signals sent by the sensors to monitor the variation of the parameters. However, the concern of this paper is on the worn of O-rings. This can be finished through weighing the seals before and after the test. So this module is not in charge of recording the parameters in this paper.
The experimental results are shown in Figure 14 . The variation of the worn volume of a single seal is displayed in Figure 14 (a). The worn volume of the seal under bigger compression rate is also bigger. And the wear speed is faster. These are quite consistent with the simulation results. However, we can note that the experimental data is a little smaller than the simulation data. This can be explained that in reality there is a thin film in the gap between the seal and the shaft. So the wear effect will be weakened due to this film. Thus, the experimental results are smaller than the simulation results. The variation of the worn volume of the two-seal system is shown in Figure 14(b) . The law of the compression rate affecting the worn volume is similar to that in Figure 14(a) . In addition, the experimental data prove that the worn extent of the "right" seal is bigger. This agrees with the simulation results. Figure 14 (c) displays the worn volume of the sealing system with three seals in a slot. Similar to the simulation result, the "right" seal is worn most and the "middle" seal is worn least. It implies that the simulation method is able to model the true wear effect of the seals underground.
Discussion.
The results from both simulation and experiment are almost coincident. The worn volume for a single seal displays a tendency that the initial speed of worn volume is faster. This can be explained that the initial contact pressure between the seal and the shaft is larger and the effect of the friction heat is apparent. This leads to an even larger contact pressure. So the wear speed is faster according to Archard's model. With the removal of the seal material, the contact pressure between the seal and the shaft as well as the effect of the friction heat decreased. Consequently, the wear speed of the seal is reduced. A high compression rate increases the contact pressure. So the fact that higher compression rate speeds up the worn behavior can be easily explained.
In the two-seal sealing system, the worn extent of the "right" seal is a little bigger than the "left" one. The explanation of this result is that the deformation of the chamber is much smaller than the seals and the "right" seal is constrained by the chamber on the right surface. So the deformation of the "right" seal is larger than the "left" one which leads to the contact pressure of the "right" seal being bigger than the "Left" one. The subsequent explanation is the same as introduced in last section.
This explanation is also suitable for the three-seal sealing system. The "right" seal is constrained by the chamber. So its deformation as well as the contact pressure is the largest. That is why the "right" seal is worn most. Oppositely, as the "middle" seal is constrained by two seals on both sides, its deformation will be slightly released. Thus, the extent of the "middle" seal's worn is the smallest.
Conclusions
The wear phenomenon of seal component in downhole equipments is investigated with a numerical method in this paper. The effect of initial compression rate and the number of seals on the wearing behavior of O-rings is discussed. A structural and thermal coupled FE approach is presented to simulate the wear process of seal component under high temperature and high pressure condition. A remeshing strategy is proposed to simulate the behavior of the material removal of the seal. A rotating hydraulic seal component in the self-developed downhole robot is taken as in experimental subject. Both numerical analysis and practical experiment are conducted. The results of the numerical analysis method are consistent with the experiment data. This work can be used to predict the life of O-ring indirectly through predicting worn volume of the seal.
Since the downhole environment is quite complicated, a further study on the influence of other factors on the wear of the seal is needed. One factor is that sometimes the seal will be working with contamination particles. So the wear type is abrasive wear instead of adhesion wear. How to simulate the wear process of the seal with an abrasive wear is the next aim of the authors.
